Abstract Under normal conditions, autophagy maintains cardiomyocyte health and integrity through turnover of organelles. During stress, oxygen and nutrient deprivation, or microbial infection, autophagy prolongs cardiomyocyte survival. Sex differences in induction of cell death may to some extent explain the disparity between the sexes in many human diseases. However, sex differences in gene expression, which regulate cell death and autophagy, were so far not taken in consideration to explain the sex bias of viral myocarditis. Coxsackievirus B3 (CVB3)-induced myocarditis is a sex-biased disease, with females being substantially less susceptible than males and sex hormones largely determine this bias. CVB3 was shown to induce and subvert the autophagosome for its optimal viral RNA replication. Gene expression analysis on mouse and human, healthy and CVB3-infected, cardiac samples of both sexes, suggests sex differences in autophagy-related gene expression. This review discusses the aspects of sex bias in autophagy induction in cardiomyocytes.
Autophagy
Autophagy (or autophagocytosis) was identified almost half a century ago as an intracellular pathway that degrades mitochondria and cytoplasmic material [1, 2] . In the current view, autophagy occurs as a cellular response to stress, metabolic starvation, and amino acid deprivation, in response to misfolded proteins, or infection with intracellular pathogens. Three distinct mechanisms have been identified to date: macroautophagy and microautophagy, which occur throughout the orders of living organisms, and mammalian-restricted chaperone-mediated autophagy (CMA). Common to these diverse pathways is the use of evolutionarily conserved autophagy-related genes (ATG).
During macroautophagy, double membrane vesicles form around damaged cell organelles or unused proteins, which are then degraded. The starvation-induced degradative autophagy pathway involves the hyperphosphorylation of Atg13 through the protein kinases target of rapamycin (Tor), and phosphoinositide-3-kinase (PI3K), as well as ubiquitin-like conjugation reactions, which induce the lipidation of microtubule-associated protein light chain 3 (LC3), also known as Atg8, and the expansion of autophagic membranes [3, 4] . The completed vesicle, termed autophagosome, is dissipated via the subsequent fusion of the autophagosome with lysosome [5] . The regulation of autophagy by autophagy-related proteins and additional proteins is reviewed in detail by Mehrpour et al. [6] .
In contrast, microautophagy requires the inclusion of cytoplasmic material into the lysosome by membrane protrusion or invagination [7, 8] . During chaperone-mediated autophagy, which is the most selective mechanism, cytosolic chaperones deliver proteins to the surface of lysosomes. These substrate proteins unfold to allow their crossing of the lysosomal membrane, where they are subjected to degradation [9] . In the remaining review, the focus is only on macroautophagy and is simply referred to as autophagy.
Autophagy in Cardiomyocytes
The precise role of autophagy in the heart is incompletely understood. As a postmitotic cell, the cardiomyocyte utilizes basal levels of autophagy for general cellular maintenance and organelle homeostasis [10, 11] . An upregulation of autophagy to maintain energy accessibility and to support cell remodeling in the heart is essentially stress dependent. When cardiac stress is sustained for extended periods of time, cardiomyocytic remodeling has been shown to occur through alterations of cytoskeletal or mitochondrial architecture [12, 13] , which was later proposed in part to be mediated via the autophagy pathway [14] . Autophagy is further detected in cardiomyocytes in ischemic hearts [15] , as well as in failing cardiomyopathic hearts [16, 17] , and autophagy inhibition was shown to augment the development of cardiac hypertrophy [18, 19] . Cardiac hypertrophy is associated with increased protein synthesis, and cells during hypertrophy show structural alteration and dysfunction of intracellular organelles. Although the functional significance of autophagy during cardiac hypertrophy and in the remodeling heart is not fully understood, autophagy may promote protein turnover and the removal of damaged proteins or organelles, which could otherwise pose a threat to normal cardiac function [20] . In adult mice, temporally controlled cardiac-specific deficiency of Atg5 was shown to cause cardiac hypertrophy, left ventricular dilatation, and contractile dysfunction, accompanied by increased levels of ubiquitination [20] . Although it was demonstrated that a specific ATG5 gene deletion in cardiomyocytes during early cardiogenesis does not lead to phenotypic alterations under basal conditions, only 1 week of treatment with pressure overload was shown to cause development of cardiac dysfunction and left ventricular dilatation [20] . This suggests that the upregulation of autophagy in a diseased heart could be an adaptive protective response against hemodynamic or neurohormonal stresses.
Autophagy in Cardiomyocytes During Viral Infection
Autophagy is also a cellular mechanism to clear intracellular pathogens and therefore being beneficial to the host [21, 22] . Various microorganisms have developed molecular strategies to escape or to counteract autophagy for their own replication advantage and survival. Historically, poliovirus, which belongs to the same Picornaviridae family as CVB3, was the first RNA virus showing characteristic morphological changes by electron microscopy, indicating autophagy [23] . On another hand, the RNA-containing viruses human immunodeficiency virus (HIV)-1 and influenza A virus, as well as the DNA viruses herpes simplex virus (HSV)-1 and cytomegalovirus (CMV), which was shown to play a role in the development of atherosclerosis, were shown to suppress autophagy by inhibition of autophagosome maturation through the physical interaction of viral proteins with autophagosomal proteins [24] [25] [26] [27] .
The replication of CVB3, which is a major cause of viral myocarditis, relies on the rearrangement of intracellular membranes into double-membrane vesicles [28, 29] . CVB3 was reported to hitchhike the autophagic pathway to gain a replication advantage on the surface of autophagosomes (Fig. 1 ) [28] . In human HeLa or HEK 293 T cell lines infected with CVB3, ultrastructural analysis revealed accumulations of morphological fairly uniform double-membrane vesicles, and the LC3-II/LC3-I ratio showed correspondingly a characteristic increase [28] , which indicates that increased basal autophagy of cardiomyocytes could promote viral replication. Confirming this observation, in the presence of the PI3K-inhibitor 3-methyladenine (3-MA), the expression of the capsid viral protein 1 (VP1) was shown to decrease, but rapamycin treatment and starving conditions increased viral titers [28] . Moreover, increased levels of intracellular VP1 and increased viral release were observed upon knockdown of the lysosome-associated membrane protein 2 (LAMP-2) [28] . LAMP-2 deletion in mice was previously shown to induce a massive accumulation of autophagic vacuoles in various tissues, especially in cardiac myocytes, which in turn lead to reduced heart contractility [36] .
Although autophagosome formation is induced during CVB3 infection, the maturation of autophagosome and autophagic protein degradation was shown to be inhibited [28, 37] . For example, during CVB3 infection, the expression of the autophagy-mediated degradation marker p62 was shown not to be altered, indicating the absence of protein degradation by the lysosome and a lack of viral clearance [28] . In vivo experiments with transgenic mice expressing LC3 conjugated with green fluorescent protein (GFP) revealed a steady augmentation of LC3-II levels in pancreatic acinar cells, and protein degradation was inhibited [37] . Furthermore, the large GFP-LC3 containing structures were shown in infected cells, but the fact that GFP-LC3 was confined to localized puncta, which did not co-localize with LAMP-2, indicated rather a blockade of autophagic flux. In addition to characteristically sized autophagosomes, small vesicles resembling autophagosomes-similar to the vesicles described during infection with poliovirus-were observed in high amounts in CVB3-infected cells [37] .
In summary, it is apparent that CVB3 induces productive autophagy to promote its own replication and utilize it as a source for metabolites. However, the subversion of the autophagy machinery by inhibition of autolysosome maturation and therefore autophagic degradation by CVB3 virus may contribute also to the pathogenesis of viral myocarditis beyond impacting cardiomyocyte viability.
Since autophagy was shown to play a role in viral RNA sensing via Toll-like receptor 3 (TLR3) signaling, dysregulation of the autophagy pathway in CVB3-infected cardiomyocytes may interfere with TLR3-mediated antiviral response, resulting in compromised viral clearance and increased myocardial damage during viremia, which is necessary for the antiviral interferon pathway [38] . Indeed, TLR3-deficient mice show vulnerability to CVB3 infection and develop acute myocarditis [39] .
The picornavirus capability of autophagosome induction is not only important for type I IFN production, but might also have function regarding myocarditis induction. Autophagosomal epitope processing could be an effective primary target for CVB3-induced autoimmunity. CD4 + T cells reactive to cardiac myosin-alpha were shown to induce autoimmune myocarditis after being adoptively transferred into uninfected recipients in a mouse model [40, 41] . Classically, CD4 + T cells recognize exogenous antigens which are loaded onto major histocompatibility complex class II (MHC II) molecules through the endosome pathway [42] . It is now well recognized that autophagy of self-proteins provides an effective pathway for endosome loading of MHC II molecules from autophagosomes [43] . In this manner, myosin or other heart protein-specific autoimmune CD4 + T cells should be able to directly interact with the cardiomyocyte leading to myocyte death or dysfunction. The mechanism by which CVB3 upregulates autophagosome formation, but at the same time restricts autophagic degradation, is unknown. CVB3 was shown to use the phagophore-attached membranes as scaffolds to support its own translation and replication [28, 30, 31] . In the next step, Atg12-Atg5-Atg16 and LC3/Atg8, which is covalently linked to the amino group of phosphatidylethanolamine (PE), are recruited to the phagophore to facilitate the phagophore expansion step. Molecular interaction studies indicated that the Atg5-Atg12 conjugate negatively regulates the type I IFN production pathway (⊥) by direct association with the retinoic acid-inducible gene I (RIG-I) pathway through the caspase recruitment domains (CARDs) [32] . Upon vesicle completion, most of the ATG proteins are dissociated from the autophagosome, and autophagosomes subsequently fuse with endosomes to form an amphisome. It was proposed that upon fusion of endosomes with autophagosome, TLR could recognize CVB3 RNA and initiate production of pro-inflammatory cytokines and type I IFN [33] . Ampisomes were recently also shown to be signaling platforms, where NADPH oxidasedriven ROS production promotes the release of the mucin granules [34] . At the next step, autophagosome-endosome and/or autophagosome-lysosome fuse and degrade cargo by lysosomal proteases. Fusion of autophagosome with lysosome was suggested to constitutively and efficiently deliver cytosolic proteins for MHC class II presentation [35] and therefore promote the presentation of products of lysosomal proteolysis to CD4 T cells [35] . CVB3 was suggested to suppress (⊥), via an unknown mechanism, the latest stages of autophagy maturation and therefore escape presentation of its RNA to TLRs [33] and/or loading of CVB3-derived antigens onto MHC II
Interplay of Autophagy and Cell Death in Cardiomyocytes
An increase of polyubiquitinated proteins due to insufficient induction of autophagy in cardiomyocytes may increase endoplasmic reticulum stress and apoptosis. Thus, the balance between autophagy, apoptosis, and necrosis is a key for therapeutic intervention in heart diseases [44] . In fact, features of all three processes, autophagy, apoptosis, and necroptosis, were concurrently observed in failing hearts [45] . Autophagy is known to be a pro-survival response against apoptosis. The dysregulation of autophagy may decrease the viability of virus-infected cardiomyocytes because it cannot protect the host from virus-induced apoptosis.
It was shown that the type I and II angiotensin II receptors (AT1 and AT2) regulate cardiomyocyte autophagy activity [46] . AT1 was shown to trigger autophagy in neonatal cardiomyocytes as well as subsequent autophagic cell death and AT2 counteract the process [46] . The alteration by AT1 and AT2 may have a contrary effect on virus-infected cardiomyocytes as they will rather propagate viral replication, thus triggering autophagic cell death.
An important protein that regulates not only autophagy and apoptosis, but also necroptosis is the cellular FLICEinhibitory protein (c-FLIP) [47] [48] [49] [50] [51] , which was also shown to play a role in cardioprotection, and is therefore currently considered to be a target for gene therapeutic treatment of heart failure after myocardial infarction [52] . c-FLIP is an enzymatically inactive paralog of apoptosis-inducing caspase-8 and participates in the tumor necrosis factor (TNF) signaling pathway [53] . It occurs naturally in a long (c-FLIP L ) and the alternatively spliced short isoform (c-FLIP S ) [54] . Intriguingly, several viruses have usurped FLIP (v-FLIP), but always only the short form [55] . Although all forms of FLIP can heterodimerize with caspase-8, the Cterminal caspase-8 activation loop is only present in c-FLIP L [56, 57] . By contrast, c-FLIP S and v-FLIP reduce caspase-8 activity. In addition, the short forms of c-FLIP also suppress ground state autophagy by preventing binding and processing of microtubule-associated protein light chain 3 (LC3) by autophagy-related gene 3 (ATG3) [49] . FLIP overexpression represses cell death by autophagy, as induced by rapamycin, a mammalian target of rapamycin (mTor) inhibitor [49] . In contrast, c-FLIP S was also shown to possess antiapoptotic properties during viral infection by enhancing autophagosome formation in an effort to clear virus and to extend cell survival [58] . This observation is supported by the demonstration that nitrosylation of FLIP inhibits Fas-ligandinduced activation of NF-κB (nuclear factor kappa-lightchain-enhancer of activated B cells) under physiological condition [59] , and endogenous nitric oxide production was shown to promote autophagy [60] . The exact role of FLIP in autophagy, especially during viral infections, is still not fully understood. Our preliminary data obtained during infection with CVB3 suggest that c-FLIP S supports autophagy and therefore enhances CVB3 replication (Buskiewicz, unpublished) . Furthermore, we found evidence that c-FLIP S , but not c-FLIP L , interferes with the antiviral retinoic acid inducible gene I (RIG-I) helicase signaling pathway, which was shown to protect the heart during CVB3 infection [61] . Recent evidence indicates that the autophagy-related proteins Atg5-Atg12 will interfere with RIG-I pathway-mediated type I interferon (IFN) signaling through direct interaction with RIG-I helicases and the mitochondrial antiviral-signaling protein (MAVS) via their caspase recruitment domains (CARD) [32] . Thus, in contrast, it appears that a member of the autophagic mechanism blocks innate immune responses, contrary to anti-pathogenic properties, and hence promoting viral replication. If FLIP protein and its isoforms can differentially balance between autophagy, apoptosis, necroptosis, and innate immunity in response to viral infections, this would be a new and highly novel area for further investigations.
Autophagy in Heart Disease
Sex Differences in Susceptibility to Heart Diseases The relevance of gender for cardiovascular disease and normal heart function has been extensively investigated [62, 63] . Women live longer than men and experience fewer atherosclerotic cardiovascular events [64] . Although the majority of autoimmune diseases, for example rheumatoid arthritis, systemic lupus erythematosus, or Grave's disease occur predominately in females, CVB3-associated myocarditis prevails in males [65] . Men are twice as likely to contract severe myocarditis as women, except during the last trimester of pregnancy, when women can also develop severe and extensive heart damage [66, 67] . As in humans, male and pregnant female mice develop significantly more cardiac injury and have greater concentrations of virus in their hearts than virgin females [65] . Males develop a CD4 + Th1 inflammatory response, whereas females develop a CD4 + Th2 response, and only males activate heart antigen-reactive autoimmune CD8 + effector T cells leading to myocarditis [68] . Various mechanisms have been suggested to explain the sex-biased susceptibility differences, and several factors, such as TLRs, as well as regulatory and γδ + T cells, were identified to contribute to this sex bias in myocarditis susceptibility [68, 69] . The gender influence of myocarditis susceptibility is particularly dependent on sex-associated hormones, as androgens such as testosterone and progesterone enhance disease, while estrogen inhibits it [65] .
Sex-Biased Differences in Autophagy and the Development of Heart Disease
Sex-based differences in mechanisms of protection in cardiac injury have been previously shown to be associated with estrogen-dependent inhibition of apoptosis under base conditions [70, 71] . Most of the observations focused on the changes of Bcl2 family, including both pro-apoptotic and antiapoptotic proteins. It was shown that sex affects autophagy but the nature of the sex effect can differ depending upon cell type, tissue, organism, and type of microbial infection [72] [73] [74] [75] . Most studies now show that autophagy limits myocyte death during acute ischemia and reperfusion injury and consequently improves cardiac function [76] [77] [78] . It was demonstrated in Syrian hamsters that the autophagy markers Beclin-1 and LC3-II were increased in females compared to males [74] , and other studies demonstrated autophagy stimulation by 17β-estradiol and progesterone in bovine mammary epithelial cells [73] . It was furthermore proposed that estrogen receptor-α facilitates cardioprotection in the hearts of male and female TNF receptor (TNFR) knockout mice, in which oxidative stress and autophagy were induced [79] . Augmented signaling of signal transducer and activator of transcription 3 (STAT3) in females, possibly concomitant with the induction of autophagy, was suggested to be an origin of sex differences in protection in mouse myocarditis model [79, 80] . On the contrary, augmented autophagosome formation, lower mitochondrial respiration, and an increase in cell death was shown in nutrient-deprived neurons of males, versus similarly treated neurons from females [81] . These investigators did not observe a similar difference in fibroblasts, indicating that sex differences in autophagy may be tissue specific. In cancer-induced cardiac atrophy in mice, autophagy was increased threefold in males than females [82] . In this model, estrogen signaling through its receptor conferred partial protection to the females implying a suppressive effect on autophagy. The potential conclusion therefore is that sex bias matters in autophagy, but that the sex effect may not be the same under all circumstances. In certain tissues or certain situations, males might develop better autophagy than females, while in other cases, females may give better autophagy response.
Based on the literature that autophagy may impact cardiovascular diseases and exhibit a sex bias, it is relevant to consider whether autophagy is differentially regulated or induced in male and female mouse hearts during CVB3 infection, and if autophagy has a beneficial or detrimental impact on viral myocarditis. The question is whether myocytes of males have higher autophagy baseline activity, or through which mechanism CVB3 upregulates, and the host downregulates autophagosome formation upon infection.
Microarray and proteomic data identified sex-associated gene expression in healthy human male versus female hearts [83] . Besides allosomal genes, sex-biased gene expression was also detected on autosomal chromosomes. Of particular interest are α-carbonic anhydrase genes, which were found to be downregulated in both humans and mice [83, 84] . Although not directly related to autophagy induction, this cytolytic protein is found to localize at the very early stages during stress to autophagosomes and lysosomes [85] , and expression in the heart contributes to cardiac hypertrophy and heart failure [86] . We have analyzed the Affymetrix datasets (HgU133 Plus 2.0 array) of human myocardial samples from healthy organ donors (n =6 men and women, age between 40 and 70, respectively) and failing hearts of CVB3-infected men before transplantation (MAS5.0 data were obtained from Genomics of Cardiovascular Development, Adaptation, and Remodeling, NHLBI Program for Genomic Applications, Harvard Medical School. url: http://www. cardiogenomics.org). Our analysis of the deposited human array confirmed the sex-biased expression of carbonic anhydrase 3 [84] and further identified that apolipoprotein 6 L and apolipoprotein J/clusterin were significantly downregulated in human male hearts, as compared to females (Table 1) . In atherosclerotic cells, apolipoprotein L6 promotes apoptosis and induces atherosclerotic lesions by blockade of For analysis of sex differences in human gene expression in hearts. we used a publicly available gene array data set (Cardiogenomics Consortium [http://www.cardiogenomics.med.harvard.edu]) that was obtained from the explanted hearts of six male and female patients with nonfailing hearts and six male patients with viral cardiomyopathy (please note there are no samples available from female patients with viral cardiomyopathy). The Affymetrix HG-U133 plus 2.0 oligonucleotide microarray platform was used for gene array. The data were also analyzed as previously published [69] beclin1-dependent autophagy [87] . Apolipoprotein J/ clusterin, on another hand, has been hypothesized to be cytoprotective and induced during autoimmune myocarditis and numerous other inflammatory injuries [88] . The comparison of protein expression in the hearts from male patients suffering from CVB3 myocarditis indicates that apolipoprotein L6 is significantly upregulated in failing myocarditic hearts (Table 1) . Another significantly upregulated autophagy-related protein in the failing human male heart was Toll-like receptor 8 (TLR8) ( Table 1) . Interestingly, in intestinal epithelial cells, the production of TLR-mediated interleukin-8 requires autophagy [89] , and impaired TLR8 signaling was detected in multiple sclerosis [90] . Furthermore, the inhibition of HIV-1 through vitamin Dmediated autophagy was shown to be induced by TLR8 ligands [91] . We demonstrated previously in the mouse model a significant sex-dependent difference of TLR2 and TLR4 expression at an early stage of CVB3 infection (i.e., 3 days) on the levels of cardiac mRNA and lymphoid cell protein [69] . The identified differences in human genes between sexes in the healthy individuals provide the necessary basis for a better understanding of the physiological differences in cardiomyocyte physiology. However, since there are no samples of CVB3-infected female human hearts available, the human microarray analysis cannot explain and/or predict which genes will change their expression profile during viral infection. Furthermore, the human samples represent the late stages of myocarditis, where gene expression changes rather represent the response of myocytes to adaptive immune response. To address the question on how gene expression changes at the very early stages after CVB3 infection in the heart of both sexes, we have analyzed the recently acquired and published microarray data obtained from CVB3-infected cardiac tissues from male and female mice [69] , with special emphasis on autophagy and its correlation to the innate immune response to CVB3 infection.
As described previously, the RNA for microarray analysis was obtained from male and female C57Bl/6 mice, which were uninfected or infected with 10 2 PFU of CVB3 and evaluated for myocarditis and cardiac virus titers at 3 and 6 days post infection [69] . In our previous studies, myocarditic inflammation was not observed in either male or female mice 3 days post infection, but by day 6, both male and female mice showed signs of cardiac inflammation, with male mice having a higher myocarditis score than female mice (mean cardiac score 0.54± 0.11 for females and 1.75±0.11 for males, P <0.001) [69] . We have further analyzed the RNA for the presence of viral genome and could confirm that at both days 3 and 6 after infection CVB3 RNA was present in the heart of both female and male mice. Therefore, we considered that the data obtained from day 3 samples represent the innate immune response in gene expression of cardiomyocytes, versus gene expression of day 6 should also show changes of gene expression in response to myocarditis induction. Three representative hearts from each group were chosen, based first on histology score to ensure infection, and then based on RNA quality and amount of RNA recovered. Samples were individually run on the Affymetrix Mouse Gene 1.0st Array Chip. Individual results were averaged by group and analyzed by the University of Vermont Bioinformatics group as described previously [69] . Mouse microarray data used in this review were previously published [69] . In brief, three representative male or female hearts were chosen. The choice was based on histology score (to confirm infection), then on the quality and amount of the recovered RNA. The Affymetrix Mouse Gene 1.0st Array Chip was used for individual sample runs. Individual results were averaged by group and analyzed by the University of Vermont Bioinformatics group. Microarray data has been submitted to the Gene Expression Omnibus, and we are currently awaiting their reply. The data represent differences in gene expression between male and female or within the same sex at day 0 (D 0 )-uninfected and days 3 (D 3 ) and 6 (D 6 )-post infection Interestingly, we have observed a differential basal expression of ATG5 between males and females, where females possess higher expression levels (Table 2) . Remarkably, the expression of ATG5 seems to be suppressed following infection, but only significantly in female mice (Table 2) . Surprisingly, pathway analysis of the same data indicates that the differences in ATG5 gene expression between the sexes correlate with the gene expression of the RIG-I pathway. The RIG-I pathway was shown to be suppressed by Atg5-Atg12 conjugate and block innate antiviral immune responses, thereby contributing to RNA virus replication in host cells. [32] . We have observed a high upregulation of both RIG-I-like helicases RIG-I and MDA5 (Melanoma DifferentiationAssociated protein 5) in female and male mice, with the greater prevalence in females compared to males. The highest expression is observed for RIG-I helicase at day 3 after infection (~11-fold increase) rather than for MDA5, although it was previously demonstrated that MDA5 is the primary helicase recognizing picornaviruses [92] . Unlike MDA5, RIG-I is proteolytically cleaved by the picornaviral proteinase 3C pro [93] , which suggests a role of RIG-I during the earliest stages of viral entry and replication. Furthermore, newer studies indicate a redundancy of viral recognition by both RIG-I and MDA5 for various viruses such as West Nile and dengue virus, as well as for a vaccine strain of measles virus [94] [95] [96] . The reverse correlation between ATG5 and RIG-I helicase expression suggests that the innate immune response may be inhibited by the autophagic pathway, which may contribute to decreased type I IFN secretion and viral replication. The decreased level of ATG5 in females during CVB3 infection would then suggest that at the early stages of infection female mice are protected having lower ATG5 gene expression to promote viral replication and higher RIG-I helicase expression to stimulate type I interferon secretion. An alternative possibility is that the augmented RIG-I expression in infected females suppresses autophagy by sequestering ATG5 protein from the autophagosome. So far, it is not known whether RIG-I signaling may suppress or block autophagy, and why the Atg5-Atg12 complex targets this pathway. It is an interesting aspect for further investigation, since autophagy occurs also under physiological conditions and because so far the autophagic process cannot be inhibited by a specific reagent without influencing other signaling pathways.
A further gene which was differentially regulated between the sexes in heart tissue was c-FLIP. Although c-FLIP S was shown to suppress the RIG-I pathway, the long form was shown in our studies to protect the heart in mouse model from myocarditis (Buskewicz, unpublished) [97, 98] . The expression pattern of c-FLIP L in the heart follows the trend shown for the RIG-I helicase pathway. The c-FLIP gene expression increases in females at 3 days post infection, then declines with time to match c-FLIP expression in male littermates. The evaluation of expression changes of different splice variants of FLIP to fully understand how these variants regulate both autophagy and innate immune response during CVB3 infection will be of interest. FLIP expression is regulated on transcriptional, translational, and posttranslational levels, as well as through protein-protein interactions. Under normal physiological conditions, FLIP is expressed at low levels and has a mostly pro-apoptotic function, and current studies point to a correlation of caspase-8 inhibition and disproportionate autophagy [99, 100] . It still has to be addressed if c-FLIP can regulate autophagy directly, or if caspase-8 regulates autophagy, and FLIP contributes through the regulation of caspase-8 activity during CVB3 or other viral infections.
Microarray
Mouse microarray data used in this review were previously published [69] . In brief, three representative male or female hearts were chosen days 3 and 6 after infection. The choice was based on histology score (to confirm infection), then on the quality and amount of the recovered RNA. The Affymetrix Mouse Gene 1.0st Array Chip was used for individual sample runs. Individual results were averaged by group and analyzed by the University of Vermont Bioinformatics group. Microarray data has been submitted to the Gene Expression Omnibus, and we are currently awaiting their reply.
For analysis of sex differences in human gene expression in hearts, we used a publicly available gene array data set (Cardiogenomics Consortium [http://www.cardiogenomics. med.harvard.edu]) that was obtained from the explanted hearts of six patients with viral cardiomyopathy and six female and male patients with nonfailing hearts (age between 40 and 70, respectively). The Affymetrix HG-U133 plus 2.0 oligonucleotide microarray platform was used for gene array. The data were also analyzed as previously published [69] .
